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Abstract. This study presents the first comprehensive description of the operational GEMS (Geostationary Environment 23 

Monitoring Spectrometer) ozone profile retrieval algorithm and evaluates the performance of the recently reprocessed version 24 

3.0 dataset. The retrieval operates in the 310–330 nm spectral range and yields total degrees of freedom for ozone ranging 25 

from 1.5 to 3. Although the vertical sensitivity is limited, GEMS achieves an effective vertical resolution of 5–10 km and is 26 

capable of separating tropospheric and stratospheric ozone layers. This work primarily highlights the substantialsignificant 27 

algorithmic and calibration enhancements improvements introduced introduced in version 3.0 over the previous version, 28 

including improvements to the slit function, wavelength calibration, and radiometric calibration. In particular, tRhe radiometric 29 

offsets in irradiance measurements isare corrected using a scaling factor derived from the average ratio to a solar reference, 30 

while . In particular, the irradiance offset has been a major issue affecting the accuracy of ozone profile and other Level 2 31 

products. To address this, the measured irradiance is scaled relative to a high-resolution solar reference spectrum using a 32 

correction factor. Residual residual wavelength-dependent biases in the normalized radiance are further addressed mitigated 33 

through soft calibration. In addition, wavelength shift corrections are applied separately to irradiance and radiance wavelengths. 34 

As a result, version 3.0 significantly reduces spectral fitting residuals, lowering them from 0.8% in version 2.0 to 0.2% under 35 

nominal conditions. This improvement also mitigates altitude-dependent oscillating biases observed in the previous version 36 
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(+40 DU in the troposphere, -20 DU in the stratosphere). The version 3 ozone profiles show agreements within ±10 DU of 37 

ozonesonde observations, with a mean bias of −7.7% in tropospheric ozone columns and within 5% in the stratosphere. This 38 

improvement also mitigates the altitude-dependent oscillating biases observed in the previous version, which included up to 39 

40 DU overestimation in the troposphere and 20 DU underestimation in the stratosphere, when compared with ozonesonde 40 

observations. The version 3 ozone profiles show agreement within 10 DU of ozonesonde profiles, with a mean bias of −7.7% 41 

in tropospheric ozone columns and within 5% in the stratosphere. Furthermore, the retrievals capture day-to-day vertical ozone 42 

variability, as demonstrated by comparisons with daily ozonesonde launches in February and March 2024. Integrated ozone 43 

columns derived from the profiles also show improved consistency with ground-based total ozone measurements, yielding a 44 

mean bias of −3.6 DU and outperforming the GEMS operational total column ozone product. 45 

 46 

1 Introduction  47 

 48 

Atmospheric ozone is a powerful greenhouse gas and air pollutant, harming human health and ecosystems in the 49 

troposphere (Van Dingenen et al., 2009; Isaksen et al., 2009). In the stratosphere, ozone is essential for protecting life on Earth 50 

by absorbing harmful ultraviolet (UV) radiation from the Sun (Solomon, 1999). It also plays a key role in maintaining the 51 

Earth's radiative balance and stratospheric temperature structure (Monks et al., 2015). Monitoring both layers is vital for 52 

understanding pollutant transport, regulating air quality, addressing climate change, and protecting environmental health.  53 

The Geostationary Environmental Monitoring Spectrometer (GEMS) onboard the Korean GEO-54 

KOMPSAT(Geostationary Korea Multi-Purpose Satellite)-2B satellite provides high temporal and spatial resolution data on 55 

ozone, its precursors (NO₂ and HCHO), SO2, and aerosols over East Asia (Kim et al., 2020). GEMS offers two primary ozone 56 

products: total column ozone (O3T) and the full ozone profile (O3P). The O3T product is retrieved using the historical TOMS 57 

look-up table algorithm (Kim et al., 2024), while the O3P product provides vertically resolved ozone information across 24 58 

atmospheric layers, retrieved based on an optimal estimation-based inversion framework (Bak et al., 2020). A comprehensive 59 

evaluation of GEMS v2.0 O₃T product has been conducted by (Baek et al. (, 2023, ;2024),  Baek et al. (2023, 2024) provided 60 

a comprehensive evaluation of the GEMS v2.0 O₃T product, examiningassessing its spatial and temporal representativeness 61 

on hourly, daily, and seasonal scales through cross-comparisons with ground-based Pandora measurements and independent 62 

satellite observations from polar-orbiting platforms. The product exhibited revealed strong correlations with Pandora (0.97) 63 

and satellite data (0.99), but showed a pronounced seasonal and latitudinal dependence in mean bias, which was attributed to 64 

attributed to the absence of a calibration component accounting for the bidirectional transmittance distribution function (BTDF) 65 

in irradiance measurements (Kang et al., 2024). A minor update  to the look-up table was subsequently implemented, resulting 66 

in the release of version 2.1 (Kim et al., 2024). Although the GEMS O3P product has not yet been fully described in peer-67 

reviewed literature, the algorithm implemented for processing version 2.0 closely follows the Smithsonian Astrophysical 68 

Observatory (SAO) ozone profile algorithm used for generating the Ozone Monitoring Instrument (OMI) Collection 3 ozone 69 
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profile research product (Liu et al., 2010). The OMI ozone profile product has demonstrated its reliability in supporting studies 70 

of ozone variability driven by the chemical and dynamical processes, quantifying global tropospheric budget of ozone, and 71 

evaluating model representation (Bak et al., 2022; Hayashida et al., 2015; Kuang et al., 2017; Lu et al., 2018)(Hayashida et al., 72 

2015; Kuang et al., 2017; Lu et al., 2018; Hu et al., 2017; Bak et al. 2022). However, the project Product Evaluation of GEMS 73 

L2 via Assessment with S5P and Other Sensors (PEGASOS, funded by the European Space Agency) reported the need for 74 

improvements prior to scientific use, citing significant altitude-dependent oscillating biases in the GEMS O3P version 2.0 75 

product, with deviations of up to 30 % in the troposphere and from -10 % to -20% in the stratosphere 76 

(https://www.dlr.de/en/eoc/research-transfer/projects-missions/pegasosKeppens et al., 2024). In addition, the PEGASOS 77 

report identified large discrepancies between the GEMS O3P and O3T products. The inconsistencies in ozone profile quality 78 

between GEMS and OMI can be attributed to differences in radiometric and wavelength calibration stability, rather than to the 79 

retrieval algorithm itself, which shares similar forward and inverse processes.  80 

These findings motivated the development of version 3.0 of the GEMS ozone profile product, which incorporates 81 

improvements in spectral and radiometric calibration, including:      82 

(1) on-orbit derivation of updating of the pre-flight measurements of slit functions to on-orbit derivations,. 83 

(2) correction of wavelength shiftswavelength calibration in of both radiance and irradiance spectra,  84 

(3) implementation of irradiance offset correction to address solar diffuser–induced seasonal variationangular 85 

dependence and long-term optical degradation, and and 86 

(4) application of soft calibration to correct residual radiometric biases in the normalized radiances. 87 

 88 

In addition to these calibration enhancements, the algorithmic updates include modifications to the forward model 89 

calculations, fitting parameters, and several auxiliary inputs. This paper is structured around three main objectives. The 90 

retrieval algorithm and the updates from version 2.0 to version 3.0 are introduced in the second section. Section 3 focuses on 91 

retrieval characterization and error analysis based on optimal estimation diagnostics. Validation results using independent 92 

reference datasets are discussed in Section 4. The final section concludes this paper, with remarks for future updates.  93 

 94 

2. GEMS Ozone Profile Retrieval Algorithm 95 

2.1 GEMS operations  96 

GEMS is an ultraviolet-visible imaging spectrograph equipped with a single two-dimensional charge-coupled device (CCD) 97 

array detector, with one dimension for 1,033 wavelengths and the other for 2,048 spatial pixels (Lee et al., 2024). It measures 98 

solar irradiance once each night and Earth’s backscattered radiance hourly from 07:45 to 16:45 Korea Standard Time (KST), 99 

covering the spectral range from 300 to 500 nm with a spectral resolution of approximately 0.6 nm full width at half maximum 100 
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(FWHM). A shared optical path is used for both radiance and irradiance measurements, except for dedicated solar diffusers, 101 

which operate on different duty cycles (daily and monthly) to manage sunlight intensity and prevent detector saturation. In 102 

GEMS, the spatial pixels represent fixed ground-based observation points on Earth, aligned along in the north–south direction, 103 

as viewed  from a geostationary orbit,  and covering latitudes from 5°S to 45°SN. These spatial pixels correspond to the , while 104 

in polar-orbiting satellites, the term "cross-track pixels" is typically used in polar-orbiting satellites, which reflecting their 105 

spatial alignmentare aligned across the flight path. For Earth observation, In Earth observation mode, GEMS scans an east–106 

west swath from 75°E to 145°E in approximately 700 mirror steps (scan lines) during in full-scan mode and 350 mirror steps 107 

during in half-scan mode. Four scan modes — Half East (HE), Half Korea (HK), Full Central (FC), and Full West (FW) — 108 

are operated sequentially, with their spatial extents shown in Figure 1 and the detailed operation schedule summarized in 109 

Supplementary Tables 1 and 2. The operational data record begins on November 2, 2020,The official data period began on 110 

November 1, 2020 marking the start of the official observation period. Currently, Version 2 Level 1C irradiance and Version 111 

1.2.4 radiance products are are used as the standard Level 1C inputs for subsequent commonly used as inputs for Level 2 112 

processing. To enhance computational efficiency and improve the signal-to-noise ratio, Level 1C and selected Level 2 products 113 

(e.g., cloud, surface reflectance, total ozone) are also provided available with spatial binning of at 2×2 or 4×4 pixels. The ozone 114 

profile retrieval specifically utilizes 4×4 binned data, resulting in a 512 × 175 frame dataset. 115 

 116 
Figure 1. Geographic coverage of the four GEMS scan modes: Half East (HE), Half Korea (HK), Full Central (FC), 117 

and Full West (FW), indicated by the curved boundaries. Colored dots indicate ozonesonde stations with regular 118 

launches within the GEMS domain, classified by launch frequency: red for monthly, blue for bi-weekly, and green for 119 

weekly. Black dots represent additional sites that participated during the Asia-AQ campaign. 120 

 121 
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2.2 Algorithm Heritage  122 

The heritage of the ozone profile retrieval algorithm is rooted in long-standing achievements efforts in to developing, 123 

improveing, and validateing ozone profile retrievals from using satellite observation dataspaceborne instruments such as from 124 

the Global Ozone Monitoring Experiment (GOME), the OMI, the Ozone Mapping and Profiler Suite (OMPS), and the 125 

Tropospheric Monitoring Instrument (TROPOMI) (Bak et al., 2017, 2024, 2025a; Cai et al., 2012; Dobber et al., 2008; Liu et 126 

al., 2005, 2010; Zhao et al., 2021). The Optimal estimation technique (Rodgers, 2000) provides the theoretical foundation for 127 

solving the inverse problem, enabling the transforming transformation of spectral information measurements into geophysical 128 

dataquantities. The retrieval process iteratively optimizes adjusts the atmospheric state vector to minimize the a cost function 129 

that accounts for both the differences mismatch between simulated and measured spectra and the deviation of the state vector 130 

from the a priori vectorconstraints. This optimization critically depends critically on stable wavelength and radiometric 131 

calibration, as well as an accurate radiative transfer model, to ensure stable robust spectral fitting and reliable results. 132 

Algorithmic updates from the OMI Version 2.0 research product by Bak et al. (2024) were adopted incorporated into the 133 

development of the GEMS Version 3.0 ozone profile product. In addition, new calibration methodologies were implemented 134 

for GEMS L1C radiance and irradiance were newly implemented to ensure spectral fitting stability and improve retrieval 135 

accuracy. The following sections provide a detailed description of the inversion framework and its implementation. 136 

 2.3 Optimal Estimation 137 

 The Optimal Estimation-based inversion (Rodgers, 2000) is physically regularized toward minimizing the difference 138 

between a measured spectrum Y and a spectrum that is simulated by the forward model 𝑭(𝑿). Given an atmospheric state X,  139 

theX, the inversion is constrained by the measurement error covariance matrix 𝐒𝐲 and statistically regularized by an a priori 140 

state vector 𝑿𝒂 with a priori covariance matrix 𝐒𝐚.  The cost function (chi-square) and the updated equation for the posterior 141 

state vector 𝑿 at iteration step 𝑖 + 1 are written as 142 

𝜒2 = ‖𝐒𝑦

−
1

2{𝐊𝑖(𝑿𝑖+1 − 𝑿𝑖) − [𝒀 − 𝐅(𝑿𝑖)]} )‖2
2 +  ‖𝐒𝑎

−
1

2(𝑿𝑖+1 − 𝑿𝑎) ‖2
2        (1) and 143 

𝑿𝑖+1 = 𝑿𝑖 + (𝐊𝑖
𝑇𝐒𝑦

−1𝐊𝑖+𝐒𝑎
−1)−1[𝐊𝑖

𝑇𝐒𝑦
−1(𝒀 − 𝐅(𝑿𝑖)) − 𝐒𝑎

−1(𝑿𝑖 − 𝑿𝑎)] (2) 144 

 145 

, where each component of the matrix K is the derivative of the forward model to the actual atmospheric state, called the 146 

Jacobians or weighting function matrix.  147 

The posterior error covariance matrix, quantifying the total uncertainty in the retrieved state  𝒙, is given by:  148 
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𝐒̂ = (𝐊𝑇𝐒𝑦
−1𝐊 + 𝐒𝑎

−1)
−1

.   (3) 149 

 150 

The retrieval gain matrix G, representing the sensitivity of the retrieval to the measurements, can be written as: 151 

G = 𝐒̂𝐊𝑇𝐒𝑦
−1 (𝐆 =

𝜕𝑥

𝜕𝑦
 ). (4) 152 

The product of G and K then yields the averaging kernel matrix A, which characterizes the sensitivity of the retrieved state to 153 

the true atmospheric state:  154 

A= GK (A= 
𝜕𝑥

𝜕𝑋𝑡𝑟𝑢𝑒
). (5) 155 

Beyond information content analysis, the matrices G and A also govern the retrieval error characteristics. Accordingly,  𝒙 can 156 

be expressed as:  157 

𝒙 = 𝐀𝒙𝑡𝑟𝑢𝑒 + (𝐈𝑛 − 𝐀)𝑥𝑎 + 𝐆𝜎𝑦 (6) 158 

, which represents a weighted combination of the true atmospheric state and a priori information, and adds the measurement 159 

noise. The retrieval uncertainty due to measurement noise is quantified by propagating 𝜎𝑦 from the measurement space into 160 

the state space through the gain matrix G, resulting into the measurement error covariance matrix: 161 

𝐒𝑛 = 𝐆𝐒𝑦𝐆𝑇 . (7) 162 

Meanwhile, the smoothing error covariance matrix, representing the retrieval uncertainty caused by limited vertical 163 

information, is defined as: 164 

𝐒𝑠 = (𝐀 − 𝐈)𝐒𝑎(𝐀 − 𝐈)𝑇 (8) 165 

These two contributions then add up to the total covariance as given in Eq. (3), or 𝐒̂= (𝐈 − 𝐀)𝐒a.      166 

2.4 Implementation details and algorithm updates 167 

The state vector 𝑿 includes 24 partial ozone columns, surface albedo (0th and 1st order wavelength terms), cloud fraction, 168 

and six additional calibration parameters (see Supplementary Table 3). The measurement vector Y consists of the logarithms 169 

of the sun-normalized radiance spectra, which enhances retrieval stability by reducing the sensitivity to absolute radiance errors 170 

and Fraunhofer lines. Measurement errors (𝜎𝑦) are assumed to be mutually uncorrelated. Since the GEMS L1C product does 171 

not provide measurement error estimates, a constant relative error of 0.2% is uniformly applied across the spectral range. 172 

Accordingly, the measurement error covariance matrix is defined as:  173 

𝐒𝐲  =  diag (𝜎𝑦,1
2 , 𝜎𝑦,2

2 , …, 𝜎𝑦,𝑛
2 ). 174 

 Correlations between ozone layers are accounted for using a correlation length L of 6 km in the a priori error covariance matrix 175 

using a correlation length L of 6 km, defined as:  176 

 𝐒𝐚 = 𝜎𝑖
𝑎𝜎𝑗

𝑎𝑒𝑥𝑝 (−(|𝑖 − 𝑗 |/𝐿
𝐿

)
2

) ,  177 

where 𝜎𝑖
𝑎 and 𝜎𝑗

𝑎 are the a priori errors of the ith and jth state vector components of the state vector, respectively. The updates 178 
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from GEMS v2.0 to v3.0 mirror those from OMI v1.0 to v2.0. In particular, the radiative transfer model is replaced with the 179 

PCA-VLIDORT v2.6 (Bak et al., 2021) to enhance the simulation efficiency. A look-up table correction was also newly 180 

implemented to account for approximations in the radiative transfer calculation related to the number of streams, coarse vertical 181 

layering, and polarization treatment. The TSIS-1 Hybrid Solar Reference Spectrum (Coddington et al., 2021) is now used 182 

instead of the solar reference from Chance and Kurucz ( 2010). The ozone cross-section has been changed switched from BDM 183 

1995 (Brion et al., 1993; Daumont et al., 1992; Malicet et al., 1995) to BW 2018 (Birk and Wagner, 2018). Notably, the a 184 

priori ozone profile, based on the tropopause-based ozone climatology (Bak et al., 2013), has been consistently used in GEMS 185 

v2.0, GEMS v3.0, and OMI v2.0. The temperature data are necessary to account for the temperature dependence of the ozone 186 

cross-section, while surface and tropopause pressures are used to define the 25-level pressure grids (Supplementary Fig. 1). 187 

The tropopause pressure is also used to convert the a priori ozone profile from a tropopause-based to a surface-based vertical 188 

coordinate system. For meteorological inputs, the Global Forecast System (GFS) of a National Centers for Environmental 189 

Prediction (NCEP) weather forecast model is used in the daytime processing (DRPO) mode. GFS data are downloaded daily 190 

at 05:00 KST, covering forecast periods between 6 KST and 18 KST, with lead times of 12 to 21 hours. In the reprocessing 191 

(RPRO) mode, the meteorological input is switched to the NCEP FNL (Final) Operational Global Analysis data. The 192 

meteorological fields, provided at 3-hour intervals (GFS) or 6-hour intervals (FNL) per day, are interpolated to match the 193 

GEMS reference time (HH:45).   194 

2.5 Calibration methodologies  195 

The calibration process consists of several key components: on-orbit slit function derivation and wavelength calibration 196 

to ensure spectral accuracy (Section 2.5.1), as well as irradiance offset correction and soft calibration to reduce radiometric 197 

uncertainties (Section 2.5.2).  198 

 199 

2.5.1 spectral Spectral correction  200 

The instrument spectral response function (ISRF), or slit function is required to degrade high-resolution spectra (e.g., 201 

absorption cross-sections) to match the spectral resolution of GEMS. Pre-flight ISRFs, measured at six discrete wavelengths 202 

and interpolated across all 1,322 wavelength grids, are available (Kang et al., 2022). However, our companion study proposes 203 

an on-orbit slit function derivation for GEMS based on a super-Gaussian model to account for temporal variations in the 204 

instrument response (Bak et al. 2025b), and is therefore not repeated here. That study also reports indicated that the irradiance 205 

spectrum should be shifted by 0.055 nm to align with the Fraunhofer lines. In Most most GEMS Level 2 trace gas algorithms , 206 

the irradiance-derived shift is applied directly to the radiance spectra, assume under the assumption that similar the spectral 207 

shifts for radiance and irradiance are similar, applying the irradiance-derived shift directly to the radiance spectra. However, 208 

as shown in Figure 2, substantial discrepancies are evident in Figure 2 reveals substantial discrepancies in both the magnitude 209 
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and spatial pattern of the spectral shift between radiance and irradiance, ranging from 0.02 to 0.04 nm, with larger differences , 210 

with larger differences observed toward the northern edge of the spatial domain. Additionally, as degradation progresses, pixel-211 

to-pixel perturbations increase toward the central spatial pixels in both radiance and irradiance measurements. 212 

ThereforeTherefore, independent shift correction is implemented to radiance and irradiance. To ensure computational 213 

efficiency in operational processing, the radiance shift is determined from the first mirror step and applied uniformly along the 214 

scan direction, based on the observation that spectral shifts in the radiance data remain relatively uniform across mirror steps. 215 

Additionally, as degradation progresses, pixel-to-pixel perturbations increase toward the central spatial pixels in both radiance 216 

and irradiance measurements.  217 

 218 

 219 
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Figure 2. Shifts of irradiance and radiance relative to the solar reference from Coddington et al. (2021), shown as a 220 

function of spatial pixel number (1–512) for (a) June 14, 2021 (20210614) and (b) June 14, 2024 (20240614). Colored 221 

lines represent the scan lines (mirror steps) plotted at 25-intervals, ranging from 1 to 150. 222 

 223 

2.5.2 Radiometric correction 224 

The GEMS irradiance is spatially and seasonally biased due to a missing calibration component for the BTDF, which 225 

defines how light transmits through a diffuser based on incident and outgoing angles—a well-known issue (Kang et al. 2024; 226 

Bak et al. 2025b). Additionally, Bak et al. (2025b) identified progressive radiometric degradation, resulting in an annual 227 

irradiance decrease of ~5% in the shorter UV range. They also reported that the measured irradiance is roughly 40% lower 228 

than the solar reference near 325 nm. Because normalized radiance is used in spectral fitting, such irradiance biases can directly 229 

propagate into retrieval output. To address these discrepancies, a major revision was implemented in version 3. Specifically, a 230 

scaling correction factor was introduced to compensate for the systematic difference between the GEMS irradiance (𝐼𝑚) and a 231 

high-resolution solar reference spectrum (𝐼𝑟𝑒𝑓). This correction factor (C) is derived by minimizing the following cost function: 232 

𝜒2  =  ∑ (𝐼𝑚(𝜆) − [𝐶 ∙ 𝐼𝑟𝑒𝑓(𝜆 + △ 𝜆) ⊗ 𝑆 + ∑ 𝑃𝑏
𝑚(𝜆 −  𝜆̅)

𝑚3
𝑚 ])

2

𝜆   (9) 233 

where: 234 

• S: instrument spectral response function (ISRF) 235 

• ⊗: convolution operator, 236 

• △ 𝜆: wavelength shift 237 

• 𝑃𝑏
𝑚: coefficients of a third-order baseline polynomial centered at 𝜆̅ 238 

 239 

In this approach, the slit function parameters and the wavelength shift are first determined independently and then held fixed, 240 

allowing the solar reference spectrum to be adjusted to the measured irradiance in terms of spectral resolution and spectral 241 

alignment. The scaling factor C and the baseline polynomial Pb. are subsequently fitted to capture remaining radiometric 242 

differences. As presented in Figure 3, the derived values of C exhibit significant seasonal and spatial variations in irradiance 243 

offset related to angular dependence, along with a gradual temporal decline attributable to optical component degradation, 244 

particularly most prominently at the middle spatial pixels. In version 3, only the scaling factor C is applied in the irradiance 245 

correction, by dividing the irradiance by C. This decision was made because applying the baseline polynomial Pb directly to 246 

the irradiance introduced artificial structures into the spectral fitting of the normalized radiance, resulting in a significant 247 

underestimation of stratospheric ozone retrievals. Residual wavelength-dependent uncertainties are instead addressed through 248 
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the soft calibration process, which has been newly implemented in version 3. This empirical correction eliminates systematic 249 

biases in the normalized radiance by applying adjustment factors derived from the ratio of measurements to simulated spectra 250 

based on accurate forward model calculations. The ozone profile input for the forward model calculation is constructed using 251 

daily zonal mean Microwave Limb Sounder (MLS) data (Livesey et al., 2025) above 215 hPa and climatological profiles 252 

(McPeters and Labow, 2012) below that level, with the integrated total column adjusted to match the zonal mean total ozone 253 

from daily OMPS measurements (Jaross, 2017). A one-week set of clear sky measurements, collected at 02:45 UTC between 254 

July 11 and 17, 2021, is used to derive the soft calibration spectra as a function of the 512 spatial pixels. While a cloud fraction 255 

threshold of 0.2 is typically used to define clear-sky conditions, we relaxed this criterion to 0.4 due to the known overestimation 256 

in the GEMS cloud product, which is also affected by irradiance offsets. Figure 4 illustrates the derived soft spectra and the 257 

impact of applying the irradiance correction. After correction, the soft calibration spectra show significantly reduced biases 258 

and improved spatial consistency. The residual biases are generally positive and remain below 3% for most pixels, except for 259 

a few central pixels that exhibit negative values, possibly due to unflagged dead pixels in the GEMS L1C data. In contrast, 260 

without the correction, substantial wavelength-and spatially dependent biases are evident, with systematic biases ranging from 261 

3% to 10% in the shorter UV range. Moreover, the standard deviation of the residual spectra stays below 1% for spatial pixels 262 

numbered below 100, while it increases above 3% for pixels above 400 without correction. With correction applied, this 263 

increase is limited to 2 %. Figure 5 demonstrates the resulting improvement in spectral fitting accuracy achieved through the 264 

application of both radiometric (scaling correction to irradiance and soft calibration to normalized radiance) and wavelength 265 

calibration in version 3, compared to version 2. With these corrections, mean fitting residuals decreased from approximately 266 

0.8% in v2.0 to 0.2% in v3.0 across most spatial pixels, representing more than a fourfold enhancement in retrieval precision. 267 

Version 3.0 not only reduces the mean fitting residuals but also achieves substantial improvements in seasonal stability, spatial 268 

uniformity, and the removal of systematic and random artifacts, —highlighting the effectiveness of the enhanced calibration 269 

and retrieval procedures. 270 

 271 
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Figure 3. Time–space distribution of the derived scaling correction factor C across 512 spatial pixels from January 272 

2021 to December 2024. The scaling factor C, fitted over the 310–330 nm spectral window, represents the ratio of 273 

between GEMS irradiance and to a high-resolution solar reference spectrum. 274 

275 

 276 

Figure 4. GEMS soft spectrum, derived as the mean difference between measured and simulated normalized radiances, 277 

as a function of wavelength (300–350 nm) for each of the 512 spatial pixels (color-coded from north to south), with the 278 
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standard deviation of the mean difference. The upper panel includes the scaling correction for the irradiance offset, 279 

while the bottom panel does not.  280 

 281 

 282 

Figure 5. Comparison of spectral fitting quality from ozone profile retrievals between versions 2.0 and 3.0, averaged 283 

over the first 20 scanlines and shown as a function of the 512 spatial pixels. The evaluation is performed on the 15th 284 

day of each month from 2021 to 2024 (04:45 UTC). Fitting residuals, calculated as the root mean square (RMS) of the 285 

relative differences between measured and simulated radiance (%), are stored as “ResidualOffit” in version 2 and 286 

“avg_residuals” in version 3. Note that the color scale range in panel (b) is narrowed to one-third of panel (a) to enhance 287 

the visibility of the lower residual values. 288 

 289 

 290 

3. Retrieval Characterization 291 

 292 

TThe retrieved ozone profiles can be characterized by their information content and associated uncertainties, assessed 293 

using the averaging kernel matrix (AKM) and error covariance matrix (CVM) are used to characterize the retrieval sensitivity 294 

and its associated uncertainties for each profile. These Their characteristics are primarily mainly influenced governed by the 295 
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choice of fitting window, measurement noise, and the a priori covariance matrix, and they remain largely unchanged unchanged 296 

between versions 2 and version 3 of the retrieval algorithm. The rows of the AKM serve serve as vertical smoothing functions, 297 

indicating representing the sensitivity of the retrieved ozone concentration to changes in the true atmospheric state (see Eq. 5). 298 

The trace of the AKM, referred as yields the degrees of freedom in for the signal (DFS),  quantifies representing the total 299 

number of independent pieces of information available from the in the retrievalmeasurements. DFS can also be calculated for 300 

specific vertical sub-columns using partial traces. Retrieval uncertainty, given by the square root of the CVM diagonal, is 301 

assessed relative toagainst the a priori uncertainty, considering both the total error and the contribution from measurement 302 

noise alone.both in terms of total uncertainties and the contribution from measurement noise alone. 303 

Figure 6 shows average the mean averaging kernels and uncertainty profiles from the GEMS 04:45 UTC scans, covering 304 

two regions with different viewing zenith angles (VZA) and two dates with different solar zenith angles (SZA).  305 

 306 

 307 

 308 

The averaging kernels peak notably just below the stratospheric ozone layer and within the upper troposphere–lower 309 

stratosphere (UTLS), where the a priori uncertainty is largest, indicating that the retrieval provides the greatest information 310 

content. from the GEMS 04:45 UTC scan on 15 June and 16 December 2021, for two observation locations with different 311 

optical paths determined by solar zenith angles (SZA) and viewing zenith angles (VZA). The retrieval typically yields the most 312 

information (highest averaging kernel peaks) where the a priori uncertainty is highest, notably just below the stratospheric 313 

ozone layer and in the upper troposphere and lower stratosphere (UTLS). The vertical location of these maximapeaks is , 314 

however, strongly depends influenced by the on the optical path length (SZA and VZA). At the kernel peaks, the retrieval 315 

uncertainty is reduced by ~ 50 % with respect to the a priori, with about one-third of the solution total (solution) error being 316 

due to measurement noise. Away from the peaks, the reduction in uncertainty is generally smaller. At high SZAs, negative 317 

kernel oscillations are evident, indicating reflecting challenges in vertically allocating the measurement information. This 318 

suggest that the retrieval may offer only limited improvement over the prior under such conditions.  319 

Figure 7 presents the sub-columns DFS values for the troposphere and stratosphere,. based on the same observation cases 320 

shown in Figure 6. The corresponding ozone partial columns are also includedprovided in (Supplementary Fig. 2), reflecting , 321 

the expected dependence of information content on atmospheric ozone concentration. given the expected dependence of the 322 

information content on the atmospheric ozone concentration. The stratospheric DFS clearly increases with optical path lengths, 323 

and thus with latitude (Fig. 7.c, d), especially winter (Fig. 7d), whereas. the tropospheric DFS In the troposphere, the effect of 324 

optical path length is weaker and only apparent at higher latitudes, sho showswing the opposite behaviour, with higher values 325 

at lower SZA/VZA: DFS values decrease with increasing SZA and VZA (Fig. 7c7a.b). (Fig. 7c).  This relationship becomes 326 

more complex by factors such as tropospheric ozone abundance, surface reflectance, and other scene-dependent characteristics 327 

including aerosol and clouds. In the summer case, the tropospheric DFS indicates that the Additionally, there is a strong 328 

correlation with the tropospheric ozone burden: the retrieval yields more information when ozone concentrations are higher, 329 
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resulting in stronger absorption signals (0.5-1.0 DFS). In the December case, tropospheric DFS values generally range from 330 

0.2 to 0.5 at latitudes below 30°. Abnormally high DFS values (0.7-0.9) are linked to elevated surface albedo, retrieved as a 331 

compensation for missing cloud information in pixels where the GEMS Level 2 cloud product fails to provide valid output 332 

(Supplementary Fig. 3).  Adding upSumming the tropospheric and stratospheric DFS contributions, the total DFS typically 333 

ranges from 1.5 to 3, with a somewhat compensating effect observed at higher latitudes, where decreases in tropospheric DFS 334 

are offset by increases in stratospheric DFS. between tropospheric decreases and stratospheric increases for the higher latitudes. 335 

 336 

 337 

Figure 6. Averaging kernels and retrieval errors of ozone profiles from the GEMS 04:45 UTC scans on 15 June (a, 338 

topb) and 16 December (b, bottomc, d) 2021. The pPink and green lines indicates represent averages over cross-track 339 

pixels 50-100 and 450-550, respectively, at the first scan line.  340 

 341 
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 342 

Figure 7. Degrees of freedom for signal (DFS) for tropospheric column ozone on (a) 15 June and (b) 16 December 2021, 343 

and analogous for the stratospheric column in (c) and (d), respectively.  Contours indicate the solar zenith angle (SZA) 344 

at 20° intervals. The corresponding ozone distributions are shown in Supplementary Figure 2. 345 

     346 

  In this work, we further examine three supplementary diagnostics: the retrieval sensitivity, retrieval offset and effective 347 

vertical resolution (which differs from the sampling resolution), following Keppens et al. (2015). The sum of each row of the 348 

AKM quantifies the total retrieval sensitivity, providing a vertically resolved and normalized measure of the contribution from 349 

satellite observations relative to the a priori profile. The retrieval offset indicates any vertical mismatch between the location 350 

of maximum sensitivity (the retrieval barycenter) and the nominal retrieval altitude (Rodgers, 2000). The effective vertical 351 

resolution is derived fromdefined by the FWHM width of each averaging kernel., treated as a vertical smoothing function. 352 

Here, we use the full width at half maximum (FWHM) as a measure of vertical resolution. This measure, however, does not 353 

consider account for averaging kernel oscillations, including the presence occurrence of negative values (see Figure Fig. 6). 354 

Figure 8 presents the retrieval diagnostics described above—sensitivity, offset, and vertical resolution—for GEMS ozone 355 

profile retrievals, evaluated from every tenth mirror step and spatial pixel, yielding on the resulting in the order of 1000 profiles 356 

forper daily plotthe  (89088/100 for the 04:45 UTC scan). SZA and VZA are major quantities affecting the retrieval 357 

performance, while other influence quantities are examined in the Supplement. The results show that, on average, the vertical 358 

sensitivity of the ozone profile retrievals is close to unity throughout most of the profile. Sensitivity decreasedrops  to values 359 
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below 0.5 only in the lowest 5 km, with higher values occurring above highly reflective surfaces (e.g., , including high cloud 360 

fractions). .  361 

 362 

As expected, sensitivity drops significantly below clouds. In the troposphere, vertical sensitivity generally increases with 363 

decreasing shorter optical paths length (e.g., lower SZA and VZA), which , as shorter paths enhance atmospheric penetration. 364 

In the stratosphere, however, higher sensitivities are observedoccur under for more oblique viewing geometries (higher VZA), 365 

particularly during winter when large SZAs further increase enhance the DFS. are also high, resulting in increased DFS. InBy 366 

contrast, during in summer, when SZAs are lowersmaller, stratospheric sensitivity is higher lower for near-nadir viewing 367 

angles (i.e., shorter path lengths). 368 

Outside of the UTLS (about 15-30 km), the retrieval barycenter deviates approximately nearly linearly from the nominal 369 

retrieval altitude. This means thatConsequently, the vertical sensitivity is primarily distributed off-diagonal, with its barycenter 370 

located residing in the UTLS (as can also be seen from the averaging kernel peak positions in Figure 6). In the troposphere, , 371 

and results in a rather low average retrieval DFS (also see the sum of both partial DFS values in Figure 7). Tthe retrieval offset 372 

depends on SZA and VZA (and hence thus latitude), in the troposphere but shows no other significant dependences on the 373 

influence quantities under studyexamined (Supplementary Fig. 4). The offset decrease under more oblique solar and viewing 374 

geometry, is reduced although this is accompanied by a reduction in tropospheric retrieval sensitivity.for more sideways solar 375 

irradiance and observation of the troposphere, although it has to be taken into account that the tropospheric retrieval sensitivity 376 

is at the same time reduced as well (see above). 377 

 378 

The average effective vertical resolution of the GEMS ozone profiles ranges from 6 to 10 km, with the highest values 379 

founded in the lower stratosphere. Both in the troposphere and stratosphere, actual values againthey strongly depend on SZA 380 

and VZA. However, , resulting in a meridian dependence as well, but again an opposite behaviors is are observed above and 381 

below the tropopause: lLonger path lengths result inlead to coarser vertical resolutions (reduced larger FWHM) in the 382 

troposphere, while while in the stratosphere, especially under very high SZA, they result in finer vertical resolution, the 383 

opposite happens in the stratosphere, especially for very high SZA during winter, meaning the retrieved information is 384 

distributed over a larger vertical extent.with the retrieved information distributed over a larger vertical extent. 385 
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 386 

Figure 8: GEMS ozone profile retrieval information content in terms of seSensitivity, offset, and kernel FWHM 387 

for GEMS ozone profile retrievals on June 15 (left) and December 16 (right) 2021. Black dashed lines indicate median 388 

values. Color coding represents, and for SZA (top) and VZA (bottom), which are the primary quantities influencing 389 

retrieval characteristics;  as physical influence quantities, color-coded in each plot. Median values are indicated by 390 

black dashed lines.additional factors are presented in the Supplement. 391 

 392 

4. Validation using independent reference datasets 393 

As a preliminary step in establishing a reliable validation framework for GEMS ozone profile retrievals, Bak et al. (2019) 394 

evaluated ozonesonde soundings from 10 East Asian sites and  and found that electrochemical concentration cell (ECC) sensors 395 

provided more reliable measurements than than modified Brewer–Mast (MBM) and carbon–iodine (CI) sondes. They also 396 

emphasized the importance of maintaining  consistent procedures across the preparation, operation, and post-processing stages 397 

to ensure the long-term data quality and consistencyconsistency of data quality. Among these these sites, five—Pohang, Hong 398 

KongKing’s Park, Tsukuba, Hanoi, and Kuala Lumpur—have remained active during the GEMS mission, regularly launching 399 

balloon-borne ECC ozone sensors. Weekly regular observations have continued at Pohang, King’s Park, and Tsukuba in the 400 

afternoon (1:30-2:30 pm LT).. While Hanoi and Kuala Lumpur, where ozonesondes are launched  provide bi-weekly 401 

observations, , they were not recommended as reference sites in Bak et al. (2019) due to because of frequent changes in either 402 
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the sensing solution concentrations or the ozonesonde manufacturer. During the GEMS operational period, hHowever, these 403 

inconsistencies have been better managed during the GEMS operational period, and thus the data from these sites are therefore 404 

included in this study. In addition, monthly ozonesonde observations from Pengchiayu, initiated which began in 2022, are also 405 

incorporatedalso incorporated. Table 1 summarizes the availability of the regular ozonesonde sites used for GEMS validation 406 

in Section 4.1. In Section 4.2, we additionally further use include a total of 13 ECC ozonesondes launched at Seosan (126.38°E, 407 

36.92°N) and 10 launched in March at Kongju (127.74°E, 36.47°N), South Korea, as part of the 2024 Airborne and Satellite 408 

Investigation of Asian Air Quality campaign (NASA, 2023). Integrated total ozone columns were also evaluated at Seosan 409 

during the ASIA-AQ campaign (Section 4.2) using Pandora measurements.  410 

These two sites, approximately 131 km apart, are marked by black symbols in Figure 1. Ozonesonde measurements can be 411 

spatially matched with GEMS FW observations taken at 04:45 UTC, except for those from the Tsukuba station, which lies 412 

outside the FW domain. Instead, the Tsukuba station falls within the coverage of the FC scan, which operates at 01:45, 02:45, 413 

or 03:45 UTC, depending on the season. Integrated total ozone columns were also evaluated using Pandora measurements 414 

(Herman et al., 2015) at Seosan during the ASIA-AQ campaign (Section 4.2).  415 

 416 

Table 1. List of regular ozonesonde stations used in this study. 417 

Station Pohang Tsukuba 
King’s  

park 
Hanoi Pengchiayu 

Kuala 

Lumpur 

Country 
South 

Korea 
Japan Hong Kong Vietnam Taipei Malaysia 

Lon, 

Lon (deg.) 

36.03, 

129.38 

36.06, 

140.13 

22.31, 

114.17 

21.02, 

105.804 

25.63, 

122.08 

2.73, 

101.7 

Provider# KMA WOUDC WOUDC SHADOZ WOUDC SHADOZ 

Frequency Weekly Weekly Weekly Bi-weekly Monthly Bi-weekly 

Launch 

Time (LT) 
2:00 pm 2:30 pm 1:30 pm 1:00 pm 12:00 am 12: 30 am 

Beginning 

date 
1995-01-12 2017-06-22 2000-01-05 2004-09-18 2022-04-18 1998-05-04 

Latest 

update 
2024-06-26 2025-02-27 2024-12-31 2024-02-23 2024-05-12 2022-12-22 

#KMA (Korea Meteorological Administration), WOUDC (World Ozone and Ultraviolet Radiation Data Centre), SHADOZ 418 

(Southern Hemisphere ADditional OZonesondes) 419 

 420 

 421 
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 422 

 423 

 424 

 425 

 426 

4.1 Validation with regular ozonesonde soundings 427 

 428 

 429 

Figure 9. Ozone vertical profiles (in DU) at three sites—(a) Kuala Lumpur, (b) Hanoi, and (c) Pohang—during 2021–430 

2024. Each panel displays individual ozonesonde soundings along with corresponding GEMS v3.0 and v2.0 retrievals.  431 

The last columns present the respective differences (GEMS − SONDE) for GEMS v3.0 and v2.0, displayed in color and 432 

dark gray, respectively. The gray shaded area denotes the range of tropopause altitudes (minimum to maximum). 433 

 434 
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Ozonesondes are used to validate GEMS FW scan measurements from FW scans, which provide better temporal 435 

coincidence in the afternoon (Table 1; Supplementary Tables 1-2). However, those from Tsukuba are matched with GEMS FC 436 

scan measurements due to spatial constraints (See Fig. 1).  Figure 9 illustrates how well GEMS captures the vertical distribution 437 

of ozone up to 35 km—the typical burst altitude of ozonesonde balloons—at three stations representing different latitudinal 438 

regionsbands: mid-latitudes (Pohang), subtropics (Hanoi), and tropics (Kuala Lumpur). The latest Compared to the previous 439 

version, the updated GEMS v3.0 version (v3.0) demonstrates substantial improvements,  in reproducing ozone vertical profiles, 440 

particularly at the mid-latitude site of Pohang. Tropospheric ozone agreeagrees within 10 DU of ozonesonde measurements, 441 

while stratospheric ozone is within 5 DU. However, GEMS v2.0 exhibited In GEMS v2.0, tropospheric ozone was 442 

overestimated high biases in tropospheric ozone of by up toup to 20 20 DU, reaching 40 DU  in the lower troposphere and by 443 

as much as 40 DU near in the tropopause region, while underestimating . Additionally, stratospheric ozone columns were 444 

underestimated by as much as up to 20 DU.  relative to ozonesonde measurements. These discrepancies are notably mitigated 445 

in GEMS v3.0, with tropospheric biases reduced to within 10 DU and stratospheric biases to within 5 DU. At lower lower-446 

latitude sites, both GEMS v2.0 and v3.0 produce qualitatively similar ozone profiles, as the vertical structure shows relatively 447 

weak seasonal variability and the tropopause altitude remains stable, making it the retrievals easier to constrain with a priori 448 

information.  449 

The retrieved ozone profiles from satellite nadir-view observations generally exhibit weak vertical sensitivity, particularly 450 

in the lower troposphere. The use of integrated column ozone is recommended to enhance the information content, as it allows 451 

for a more practical validation compared to profile-based approaches. Figure 10 presents time series comparisons of lower 452 

tropospheric ozone columns (below 300 hPa) derived from GEMS (v2.0 in gray and v3.0 in black) and ozonesonde 453 

observations (in red) at six stations across different latitudes during the period 2021 to 2024.  454 

 455 
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 456 

Figure 10. Time-series of tropospheric ozone columns (surface-300 hPa) from GEMS v3.0 (black), GEMS v2.0 (grey), 457 

and ozonesondes (red). The x-axis marks the months of the year using initials: J (January), A (April), J (July), and O 458 

(October). 459 

Mid-latitude sites (Pohang and Tsukuba) exhibit pronounced seasonality, with ozonesonde-derived tropospheric ozone 460 

columns ranging from 25 to 50 DU—peaking in summer and declining toward winter. Within the summer season, ozone levels 461 

typically reach their maximum in June, followed by a sharp decline in July and August. As shown, GEMS v3.0 reasonably 462 

reproduces this seasonal pattern. At subtropical sites such as Hanoi, King’s Park, and Pengchiayu, seasonal changes are less 463 

pronounced, with ozone columns typically fluctuating between 20 and 45 DU. A distinct spring peak of 40-45 DU is 464 

consistently observed in both ozonesonde and GEMS v3.0 time-series. The lowest ozone levels are observed between July and 465 

October, remaining a few DU lower than the wintertime minimum. At the tropical site of Kuala Lumpur, ozonesonde 466 

measurements are limited in 2021 and 2022, but the available data suggest minimal seasonal variation in tropospheric ozone, 467 

consistent with the weak seasonal signals typically observed in the tropics. With its dense temporal coverage, GEMS v3.0 468 

complements the sparse ozonesonde measurements and identifies the flat tropospheric ozone levels throughout the 2021-2024 469 

period. However, GEMS v2.0 systematically retrieves higher ozone levels across all latitudinal bands. This overestimation is 470 

much more pronounced at mid-latitudes than at lower latitudes. In particular, GEMS v2.0 significantly overestimates summer 471 

ozone values by 30 DU compared to GEMS v3.0, with the discrepancy decreasing toward winter. In the subtropics, the 472 

difference between GEMS v2.0 and v3.0 remains about 15 DU, without clear seasonal change. In particular, GEMS v2.0 473 

retrieves higher ozone amounts in 2023 and 2024 compared to earlier years, which is not reflected in either GEMS v3.0 or 474 
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ozonesonde data. This increasing discrepancy is likely associated with the optical degradation of the instrument, which leads 475 

to decreasing irradiance values over time (Kang et al. 2024; Bak et al. 2025b) and, in turn, affects the accuracy of the ozone 476 

profile retrievals. In the tropics, the GEMS products from both versions agree within 5 DU during 2021–2022, but the 477 

difference increases to within 10 DU in 2023–2024. Notably, the issues identified in GEMS v2.0 are substantially mitigated 478 

in GEMS v3.0, owing to the newly implemented radiometric calibration applied to both irradiance and normalized radiance.  479 

 480 

Figure 11. Scatter plots of GEMS and ozonesonde ozone columns for three different layers, surface-300 hPa, 300-100 481 

hPa, and 100-10 hPa. The upper (a-c) panels show results from GEMS v3.0, and the bottom panels (d-f) from GEMS 482 

v2.0. Each data pair is color-coded by station. Regression lines and correlation coefficients (r) are derived from all data 483 

pairs, along with the mean bias and standard deviation reported in both DU and percentage.  484 

 485 

The quantitative comparison between GEMS and ozonesonde measurements is presented in Figure 11 (a, d) for 486 

tropospheric ozone columns below 300 hPa. Compared to version 2.0, which exhibits a substantial positive bias of 36.15% 487 

and high variability (±28.88%), GEMS v3.0 shows a marked improvement, reducing the bias to −7.66% with lower scatter 488 

(±16.03%) and achieving a higher correlation with ozonesonde observations (r = 0.87 vs. r = 0.80). The regression slope for 489 

GEMS v2.0 is closer to unity than that of v3.0, due to the presence of both negative biases at high-ozone sites and positive 490 

biases at low-ozone sites, whereas v2.0 shows more uniform positive biases across stations. Figure 11 also evaluates ozone 491 

partial columns in upper troposphere and lower stratosphere (UTLS: 300-100 hPa) and the middle stratosphere (100-10 hPa), 492 

respectively. The 100–10 hPa layer, which corresponds to the ozone maximum in the upper stratosphere, also shows good 493 

agreement, with GEMS v3.0 achieving a correlation of r = 0.92 and a relatively small mean bias (4.31 ± 6.38 %), further 494 

supporting the reliability of the updated retrievals at higher altitudes. 495 
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The GEMS retrievals are inherently more influenced by a priori information compared to existing nadir satellite products 496 

such as OMI and TROPOMI, due to the narrower spectral range (310-330 nm versus 270-330 nm). Despite both versions 497 

employing the same a priori constraints, GEMS v2.0 exhibits poorer agreement with ozonesonde data than the a priori itself, 498 

reflecting the detrimental impact of radiometric uncertainties on the retrievals. However, GEMS v3.0 demonstrates better 499 

agreement than the a priori, indicating improved retrieval performance, especially when retrieving high ozone concentrations 500 

in both the troposphere and stratosphere. A comparison between GEMS a priori and ozonesondes is provided in Supplement 501 

Figure 4. 502 

4.2 Validation with Asia-AQ campaign ozonesonde soundings  503 

In Figure 12a shows the date-altitude cross-section of ozone mixing ratios profiles obtained from ozonesondes during the 504 

Asia-AQ campaign at Seosan (February) and Kongju (March) during the 2024 Asia-AQ campaign. As the two sites are only 505 

about 131 km apart, they are treated jointly in the analysis and considered to represent similar ozone seasonality. Given that 506 

the two sites are located approximately 131 km apart, they can be considered to exhibit similar ozone seasonality. Figure 12, 507 

the ozonesonde measurements are presented as ozone mixing ratio profiles. Ozone concentrations near the surface range from 508 

30 to 50 ppb, which are lower than those in the upper troposphere—approximately 60 ppb in February and increasing to 80 509 

ppb in March. These observed tropospheric ozone structures and their temporal variations are consistently reproduced from 510 

GEMS v3.0 retrievals . collocated at Seosan in February and Kongju in March (Fig. 12b). Notably, during the absent of 511 

ozonesonde measurementsdata gap in early March, GEMS v3.0 provides valuable supplementary information, revealing a 512 

downward propagation of ozone-rich air from the upper to the lower troposphere over time. Above the tropopause (~ 10 km), 513 

ozone mixing ratios generally exceed 0.1 ppm. The superimposed potential temperature profiles remained temporally stable 514 

in the stratosphere, reflecting persistent stratification and limited vertical dynamical activity. However, ozone mixing ratios in 515 

the lower stratosphere, particularly below 15 km, exhibited marked variability between 0.3 and 0.5 ppm, likely associated with 516 

isentropic transport. GEMS v3.0 effectively captures these variations, with demonstrating enhanced ability to resolve ozone 517 

fluctuations in the lower stratosphere. However, as shown in Fig 12c, GENS  compared to v2.0 , which showsproduces 518 

smoother, less structured patterns.  519 
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The evaluation of integrated ozone profiles as total 520 

ozone can provide useful insight into the overall accuracy 521 

and consistency of vertical profile retrievals when 522 

compared with well-established ground-based total column 523 

measurements (Bak et al., 2015). Ground-based Pandora 524 

total ozone column measurements at Seosan (Park and 525 

Cede, 2025) are used as a reference to evaluate the total 526 

ozone integrated from GEMS ozone profiles during the 527 

Asia-AQ campaign (Figure 13). An intercomparison of 528 

total ozone columns from GEMS (Baek et al., 2023), 529 

OMPS (Jaross, 2017), and TROPOMI (Copernicus 530 

Sentinel-5P, 2020Garane et al., 2019) is also included to 531 

assess the consistency between GEMS ozone products 532 

(O3P and O3T) and to evaluate the relative performance of 533 

GEMS compared to other satellite observations. As shown, 534 

total ozone values recorded by Pandora ranged from 300 to 535 

450 DU during February and March 2024. These records 536 

closely align with satellite observations, evidenced by 537 

correlation coefficients of 0.97 or higher across all products. 538 

However, the retrievals from GEMS O3T show inconsistent 539 

performance between low and high ozone levels, resulting 540 

in a regression slope of 0.9, whereas the other satellite 541 

products exhibit slopes close to unity. GEMS O3T also 542 

significantly underestimates Pandora measurements, with a 543 

mean bias of –20 DU, primarily due to uncertainties in 544 

irradiance calibration (Baek et al., 2023). The scatter in the 545 

OMPS total ozone comparison is larger than that of the other 546 

products—by a factor of two—likely due to its coarse spatial 547 

resolution. GEMS O3P shows better agreement than the other 548 

satellite products, both in terms of scatter and biases, with 549 

mean differences ranging from 1.5 to 8 DU (-3.66 ± 4.27 DU). 550 

 551 

Figure 12. Time series of daily ozone mixing ratio profiles 

from ozonesondes and GEMS (v3.0 and v2.0) during the 

2024 Asia-AQ campaign. The red line denotes the thermal 

tropopause, while the black contour lines (at 50 K 

intervals) represent potential temperatures, derived from 

the FNL meteorological product. 
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 552 

Figure 13. Scatter plots of total ozone columns retrieved from satellite observations (GEMS O3P, GEMS O3T, OMPS, and 553 
TROPOMI) against Pandora measurements at Seosan during February–March 2024. A total of 44 Pandora observation days was 554 
available, of which 42 remained after quality control. Regression lines (y=slope· x+ intercept) and correlation coefficients (r) are 555 
shown in the top legend, legend, and while the bottom legend presents mean bias ± 𝟏𝝈 for each productin the bottom legend. For 556 
comparison, Pandora observations are averaged within ± 30 min of 04:45 UTC each day and the satellite-Pandora pairs are were 557 
selected based on the nearest satellite pixel located within 100 km of the Pandora site. 558 

 559 
5. Conclusions for Version 3 and Remarks for the Next Version  560 

This study provides the first detailed description of the GEMS operational ozone profile retrieval algorithm in the 561 

literature, along with an analysis of its retrieval characteristics in the 310–330 nm spectral range. The vertical sensitivity of the 562 

GEMS ozone profile is close to unity throughout most of the atmosphere. A decrease to values below 0.5 is observed only in 563 

the lowest five km. Outside of the lower stratosphere (about 15-30 km), the vertical sensitivity is mostly found off-diagonal, 564 

resulting in a rather low average retrieval DFS of about 1.5, up to 3 at maximum. The effective vertical resolution of the GEMS 565 

O3P retrieval amounts to 5-10 km.   566 

This work primarily highlights substantial algorithmic and calibration enhancements implemented in version 3.0 over 567 

the previous version. Unlike other Level 2 algorithms that typically assume a uniform spectral shift, this work accounts for 568 

independent spectral shifts in radiance and irradiance. To address significant irradiance offsets—arising spatially and 569 

seasonally from BTDF-induced effects, and temporally from optical component degradation—a scaling factor correction is 570 

introduced. This scaling factor basically represents the ratio between the measured irradiance and the solar reference, capturing 571 

systematic deviations due to calibration limitations. Additionally, a soft calibration is applied to compensate for residual 572 

wavelength-dependent uncertainties not addressed by the scaling factor, as well as for spatial (cross-track) variations in 573 

normalized radiance.  The GEMS soft spectra are derived from clear-sky observations during the week of July 11–17, 2021, 574 

at 02:45 UTC, to address systematic residuals between measured and simulated normalized radiances as a function of spatial 575 

pixel, and are applied uniformly across all observation times. We also adopt the newly implemented forward model, additional 576 

fitting parameters, and auxiliary data from the OMI Collection 4 ozone profile algorithm (Bak et al., 2024). As a result, version 577 
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3.0 achieves a spectral fitting residual of 0.2% (low SZA/VZA) in ozone profile retrievals, indicating a fourfold improvement 578 

compared to version 2.0. Validation results further confirm the improved performance of the version 3.0 ozone profile product. 579 

Comparisons with regular ozonesonde observations from six East and Southeast Asian stations reveal substantial bias reduction 580 

and improved consistency in both the troposphere and lower stratosphere, effectively smoothing the altitude-dependent 581 

oscillating biases observed in version 2.0. The mean tropospheric ozone column bias is reduced from +36.2% in version 2.0 582 

to −7.7% in version 3.0, accompanied by an improvement in with the correlation coefficient from improved from 0.80 to 0.87. 583 

Stratospheric retrievals also show good agreement, with a mean bias of 4.3% and a correlation coefficient of 0.92. Time series 584 

comparisons of tropospheric ozone demonstrate a better representation of the seasonal cycle in version 3.0, whereas version 585 

2.0 exhibited an artificial increasing trend. Additional validation using ozonesonde data from the 2024 Asia-AQ campaign 586 

supports the improved vertical structure and day-to-day variability captured by GEMS version 3.0. Furthermore, GEMS total 587 

ozone columns derived from version 3.0 profiles show excellent agreement with Pandora measurements (r = 0.99, mean bias= 588 

−3.7 DU), outperforming the GEMS total ozone product. The reprocessing of the GEMS ozone profile dataset has been 589 

completed and the version 3 product is publicly available through the Environmental Satellite Center website 590 

(https://nesc.nier.go.kr/en/html/datasvc/index.do; NIER, 2025). 591 

In this study, we focused on the afternoon measurements at 04:45 UTC (13:45 local time, KST), which correspond to 592 

the overpass time of polar-orbiting satellites in East Asia. In the next version (version 4), we will aim to improve and validate 593 

the ozone profile product for hourly observations. Irradiance calibration will be enhanced by accounting for BTDF effects and 594 

optical degradation in the Level 1C processing, which is expected to provide a more robust foundation for both ozone profile 595 

retrievals and auxiliary input data such as total ozone and cloud information. In turn, the use of soft spectra will be extended 596 

to support hourly, seasonal, and yearly applications, enabling improved temporal consistency in the quality of the GEMS ozone 597 

profile product for both diurnal variation analysis and long-term atmospheric monitoring.  598 
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